Abstract. Fluorescent silicon nanoparticles have been produced in a two-step process in ultra high vacuum. First, silicon clusters were produced in the gas phase in a molecular beam. At the end of the cluster beam machine the cluster were co-deposited with water onto a cold target. Melting of the ice yields a suspension that fluoresces at 420 nm when excited with ultraviolet light. The fluorescence intensity remains constant over a period of more than a year. Photo-absorption and photo-luminescence spectra provide evidence of a Si/SiO 2 core-shell structure having a silicon core size of at least 1.4 nm in diameter and oxygen deficient O-Si-O defects as the origin of the deep-blue fluorescence. Furthermore, the fluorescent suspension was deposited on freshly cleaved highly oriented pyrolytic graphite (HOPG). AFM images recorded in UHV showed networks of agglomerated clusters, their smallest units having a diameter of typically 0.7 nm.
INTRODUCTION
Fluorescent silicon nanoparticles have recently regained considerable attention because of their relevance to resolving a number of technological key challenges, such as (i) the fabrication of ultra high-dense integrated electronic circuits for which optical signal transmission has been suggested as a remedy to overcome fundamental speed-limitations imposed with electron transport [1] , (ii) an increase in efficiency of solar cells by conversion of a larger spectral range into electrical energy [2, 3] and (iii) labelling and marking in bio-medicine. The latter is particularly interesting as silicon-based nanoparticles could provide an alternative to commonly used luminescent III-V semiconductor quantum dot labels, such as CdTe, as these are of limited use for in-vivo applications due to their toxicity. Si and SiO 2 are so far regarded as harmless.
This paper is concerned with a novel production route for fluorescent Si nanoparticles. This route provides flexibility as two requirements to achieve luminescent Si -confinement and surface passivation -are achieved independently in separate steps. Furthermore, the method yields the nanoparticles within an aqueous suspension which is a great advantage for bio-medical applications. Within the aqueous environment the nanoparticles show remarkable stability in fluorescence intensity. Over a trial period of a year, practically no loss in fluorescence intensity has been observed. We show that the fluorescence is most likely attributed to small Si/SiO units, of about 1 nm in diameter. Our production method achieves confinement and passivation in a two-step process. Si is an indirect semiconductor and a requirement to increase its fluorescence yield is to provide confinement. Confinement is naturally achieved in clusters comprising a few tens up to thousands of Si atoms and the specific advantage of using clusters is that the degree of confinement can be controlled by changing the cluster-size. To produce Si clusters we used a gas-aggregation source in which Si is sputtered from a p-doped target.
The principles of such a machine have been described in the literature [4, 5, 6, 7] . We used Ar as sputter gas and mixtures of Ar and He to control the aggregation process and thus the cluster size. Neutral and charged clusters are produced [8] .
Downstream of the aggregation zone the clusters passed through several differential pumping stages until they hit a liquid nitrogen-cooled target, together with a continuous flow of water vapour, leading to the build-up of an ice layer with Si clusters enclosed. A schematic of the process is shown in figure 1 . After deposition, which typically lasted 30 minutes the UHV chamber was vented with 99.995-graded nitrogen and the target was warmed up so that the ice melted and the suspension dropped into a dish. 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 This second step is crucial to provide efficient passivation, another requirement for achieving fluorescent Si, as free clusters exhibit dangling bonds at the surface at which excitations can decay fast and non-radiatively. Passivation with, for instance SiO 2 , closes these pathways and allows the excited clusters to assume their ground state through a radiative process. We have shown that the treatment with water is mandatory for achieving efficient luminescence [9] . Clusters, directly deposited onto quartz and left in air to oxidise showed no fluorescence. We believe that SiO 2 is formed within a reaction between, presumably ionic, Si clusters and water, similarly to nano-oxidation when using charged AFM tips [10, 11, 12] .
SPECTROSCOPY, IMAGING AND NANOPARTICLE SIZE
To characterise the origin of the fluorescence and the size of the nanoparticles we recorded UV/VIS absorption spectra as well as photoluminescence spectra at different excitation wavelengths. Figure 2 shows the optical absorption of the liquid sample (dotted line) as well as the fluorescence for 240 and 305 nm excitation. The absorption spectrum shows a band gap and an increase in absorption for wavelengths shorter than 350 nm. The magnitude of the band gap energy is smaller than that of SiO 2 indicating the presence of another absorber. The rapid increase at about 275 nm can be explained by light absorption of silicon nanoparticles with diameters less than 1.5 nm due to quantum confinement [13] . The prominent band at 420 nm was assigned to T 1 → S 0 defect fluorescence of twofold coordinated silicon (O-Si-O) present in a SiO 2 layer at the surface of the nanoparticles. This assignment is based on the similarity to the fluorescence of selected defect-rich SiO 2 [14, 15, 16] , however, the excitation proceeds via a previously unreported state at 308 nm, presumably an interface exciton [9] . For excitation at 240 nm fluorescence emerges only from states lower that 275 nm, presumably the HOMO state of quantum confined Si, confirming our size estimation.
To further investigate the nanoparticle size we cleaved a HOPG crystal, placed a drop of the fluorescent suspension on it, evacuated subsequently and recorded AFM images.
We identified regions with different nanoparticle densities. A typical image from a less-dense region is shown in figure 3 . The nanoparticles agglomerate and, in this density regime, form preferentially 1D networks. Single clusters can be identified, the smallest FIGURE 2. Fluorescence spectra of silicon nanoparticles suspended in water recorded at three different excitation wavelengths. For comparison the UV/VIS absorption spectrum is shown (dotted line). The intensity scale for this spectrum is in arbitrary units. showing a lateral dimension of 8 nm in diameter and a height of 0.7 nm. We ascribe the lateral extension to the convolution with the AFM tip. The height of the smaller clusters is in fair agreement with the size derived from our spectroscopic analysis and it is very possible that the fluorescence stems from these small clusters.
